Background. Influenza A H5N1 viruses pose a significant threat to human health. Methods. We conducted a multicenter, randomized, double-blind study in 394 healthy adults. Subjects were randomly assigned to receive 2 intramuscular doses of either saline placebo; influenza A/Vietnam/1203/2004(H5N1) vaccine alone at 45, 30, or 15 g per dose; vaccine at 15 or 7.5 g per dose with MF59; or vaccine at 30, 15, or 7.5 g per dose with aluminum hydroxide. Subjects were followed up for safety and blood samples were obtained to determine antibody responses.
H5N1 avian influenza viruses continue to cause disease in humans. Although cases have been reported in 12 countries, most of the fatalities have been reported from Vietnam, Indonesia, Egypt, Thailand, China, and Turkey [1] . Outbreaks in birds have been reported in Asia, and an increasing number of cases have been noted in Europe and Africa, elevating concern that the virus will continue to spread to human populations, acquire the ability to spread from person to person, and cause a pandemic. Concern regarding this spread has been heightened by the high mortality rates associated with infection in humans [2, 3] . Vaccination remains the most attractive strategy for preventing or limiting the spread of avian influenza in human populations.
Early trials with H5N1 vaccine and other avian influenza vaccines suggested that at least 2 doses of vaccine were needed to induce acceptable antibody responses and that the antigen content would need to be increased beyond the amount routinely used in seasonal influenza vaccines, to increase the magnitude and frequency of the responses [4 -6] . In the most recently published study, Treanor et. al. [5] administered 2 doses of a subvirion H5N1 vaccine at 7.5, 15, 45, or 90 g per dose to healthy adults. All doses were well tolerated but doses of less than 90 g induced serum hemagglutination-inhibition (HAI) titers or neutralization titers of 40 in less than 50% of subjects. Among those who received the highest dose of vaccine, an HAI titer of 40 was achieved in 58% of subjects, whereas a neutralization titer of 40 was observed in 54%.
Other reports have indicated that adjuvants enhance the immune response to subvirion H5N1 vaccines [7, 4, 8] . Aluminum-containing adjuvants, the only adjuvants approved for human use in the United States, have been used routinely in a number of vaccines and have been investigated in conjunction with inactivated influenza vaccines. For seasonal influenza vaccines, aluminum hydroxide has not been shown to clearly increase immunogenicity. In one study involving an inactivated H5N1 influenza vaccine, the addition of aluminum hydroxide modestly increased the HAI and neutralization titers (not a statistically significant increase) at the highest vaccine dose tested (30 g), but not at the lower doses tested (7.5 and 15 g) [4] .
Other adjuvants, including MF59, significantly increase the antibody titers to A/H5N3 [8] , and A/H9N2 [7] . MF59 is an oil-in-water emulsion adjuvant that has been approved for use with seasonal influenza vaccines in several countries in Europe since 1997. MF59 has been shown to improve antibody responses to influenza, herpes simplex, cytomegalovirus, and HIV vaccines [9] . In the most recent avian influenza vaccine study involving MF59 [7] , HAI and neutralization titers to A/H9N2 were higher after the first and second doses in the groups that received vaccine with MF59, compared with the group that received vaccine alone, following doses of 3.75, 7.5, 15, or 30 g. In this study, there was no evidence of a dose effect.
In the current study, we evaluated a subvirion influenza A/H5N1 vaccine at doses from 7.5 g to 45 g with and without aluminum hydroxide or MF59. Our results with respect to the safety and immunogenicity of these vaccines are reported here.
METHODS

Subjects.
Healthy, nonpregnant adults (age 18 -64 years) were eligible for participation. Subjects were excluded if they had a known allergy to eggs or other vaccine components; had previously received any influenza A/H5 vaccine; were immunosuppressed; were known to have HIV, hepatitis B, or hepatitis C infection; had a history of Guillain-Barré syndrome; had received blood products in the past 3 months; had received killed vaccines in the past 2 weeks or live vaccines in the past 4 weeks; had an acute or chronic illness that would interfere with evaluations or increase risk; or had a history of severe reactions after influenza vaccination. Subjects were also excluded if they had laboratory values outside of the normal range on their screening blood tests, including hemoglobin level, white blood cell count, platelet count, alanine aminotransferase level, and creatinine level. Eligible subjects were enrolled between March 6 and March 27, 2006. The protocol and consent forms were approved by the institutional review board of each participating center.
Vaccine and adjuvants. Chiron Vaccines (now part of Novartis) prepared the monovalent inactivated subvirion vaccine. The virus used to prepare the working seed and the vaccine was produced by reverse genetics using the modified hemagglutinin and unaltered neuraminidase encoding genes from the influenza A/Vietnam/1203/2004(H5N1) strain and all other genes from A/PuertoRico/8/34 [10] . The vaccine virus was then grown in embryonated eggs by use of a process similar to that used for seasonal vaccine preparation. The vaccine was formulated to contain a hemagglutinin concentration of 60 g/mL.
Administration of the vaccine at different doses was accomplished by varying the volume of the vaccine and adjuvant mixtures. Vaccine and adjuvant were prepared daily in the investigational pharmacy by withdrawing 0.7 or 0.8 mL of antigen from 3-mL vials containing 60g/mL of antigen and adding this to After providing informed consent, eligible subjects were randomly assigned to 1 of 9 groups: saline placebo (n ϭ 30); influenza vaccine alone at 45, 30, or 15 g per dose (n ϭ 90, 60, and 30, respectively); influenza vaccine at 15 or 7.5 g per dose, combined with MF59 (n ϭ 30, for both groups); or influenza vaccine at 30, 15, or 7.5 g per dose, combined with aluminum hydroxide (n ϭ 60, 30, and 30, respectively) (table 1). Each subject received 2 intramuscular injections of an identical formulation in the deltoid area, administered approximately 28 days apart.
The choice of doses and the combinations of vaccine with adjuvant preparations used in the study were largely driven by the vaccine, which was available for the trial as a single formulation of 60 g/mL, and the expected tolerable volumes and concentrations of MF59 and aluminum hydroxide. The sample size was weighted to favor doses that were deemed to be the most likely to be implemented in the future, to obtain more precise estimates of the responses in those dose groups. The study was not designed to test a specific hypothesis. However, sample sizes of 90 and 60 subjects in the groups of greatest interest provided 80% power to detect a difference in the proportion of responders of 50% and 51%, respectively, when compared with a group of 30, assuming a 20% response rate for the smaller group. Additionally, sample sizes of 90 and 60 provided at least 99% and 95% probabilities, respectively, of observing a vaccine-related event, assuming a true occurrence rate of at least 5.0%. In addition, these sample sizes provided the full widths of, at most, 21.5% and 26.4% respectively, based on a 95% Blyth-Still confidence interval of an observed event rate.
After randomization, an unblinded member of the study team who did not otherwise participate in the trial administered the injection. Subjects were observed for 15 min; they then completed a memory aid to record local and systemic adverse events, as well as their daily temperatures for 7 days. Subjects were called 1-3 days and 14 -21 days after each vaccination to elicit information about any adverse events. Subjects also returned to the clinic 7-9 days after each vaccination for assessment and to repeat the same laboratory tests outlined earlier. Approximately 28 days after each vaccination, and again at 6 months after the second vaccination, serum samples were obtained for antibody assays. All 7-day safety data available after the subject had received the first dose of vaccine were reviewed prior to administering the second dose of vaccine. Table 2 . Demographic characteristics of study subjects, according to vaccine group. 14 (48) 8 (27) 15 (25) 39 (43) 13 (43) 8 (26) 18 (31) 17 (53) 19 (59) Female 243 (62) 15 (52) 22 (73) 46 (75) 51 (57) 17 (57) 23 (74) 41 (69) 15 (47) 13 (41) Race Asian 14 (4) 0 (0) 1 (3) 4 (7) 3 (3) 2 (7) 0 (0) 3 (5) 0 (0) 1 (3) African American 20 (5) 0 (0) 4 (13) 2 (3) 5 (6) 1 (3) 2 (6) 3 (5) 1 (3) 2 (6) White 350 (89) 27 (93) 23 (77) 53 (87) 80 (89) 26 (87) 29 (94) 53 (90) 31 (97) 28 (88) Other, unknown, or multiracial 10 (3) 2 (7) 2 (7) 2 (3) 2 (2) 1 (3) 0 (0) 0 (0) 0 (0) Antibody assays. Microneutralization (MN) and hemagglutination-inhibition (HAI) assays were performed at Southern Research Institute using genetically modified reassortant, rgA/Vietnam/1203/2004x A/PR/8/34, as described elsewhere [11, 12] . MN and HAI assays with horse erythrocytes were performed as described elsewhere [5] , except that the same starting dilution was defined as 1:10 rather than 1:20, and samples that were negative were assigned a titer of 5. Development of a titer of 40 in both the MN and HAI assays was predefined as indicative of a "responder." Detectable responses were defined as a titer 10. For both assays, serum samples were tested in duplicate in independent assays, and samples that gave more than 2-fold different results in replicate samples were retested.
Statistical analysis. Data collection for this study was conducted using the Statistical and Data Coordinating Center's (SDCC) Internet-based Electronic Data Capture system. The SDCC was also responsible for the randomization. Because of the limited supply of study vaccine, randomization tables were established at the SDCC each night for the following day, on the basis of only the cumulative enrollment for all sites and the expected number of new enrollees at each site. At the time of randomization, the SDCC had no information about the individuals being randomized, only the total number that investigators planned to randomize. The site staff who evaluated vaccine reactogenicity were fully blinded to the dose and type of vaccine given.
The proportions of solicited adverse events (mild, moderate, or severe) after either the first or second dose of vaccine were based on the most severe response reported. The proportion of individuals with an elevated oral temperature was compared across 9 treatment groups by use of the Fisher exact test, and the proportions of the remaining local and systemic reactions were compared by use of the 2 test. Pain at the injection site was also analyzed by assigning a numerical scale (0, 1, 2, or 3) to the level of response (none, mild, moderate, or severe). The relationship of pain to dose levels and adjuvant effects was explored with the general linear model, and the result was also verified by use of only an ordinal scale and testing with cumulative logistic regression.
Analytical results for geometric mean titers (GMTs) were determined by converting to a logarithmic scale and assuming normality or using rank order methods. Exact confidence intervals were reported for all proportional endpoints. For subjects with and subjects without preexisting antibodies to the H5N1 virus, geometric mean titers were compared using the Wilcoxon rank Abnormal laboratory values
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.602 NOTE. Data are no. (%) of subjects who had a reaction or abnormal laboratory value after either the first or second injection, unless otherwise indicated. ALT, alanine aminotransferase; WBC, white blood cell.
a P values were calculated with the 2 test, except for fever, which was calculated by the Fisher exact test. b Most severe score after either the first or second vaccination. c The P value for the mean pain score was calculated by analysis of variance.
test, and the proportions of 4-fold increases from the baseline were compared using the Fisher exact test. All analyses were conducted using SAS (version 8.2; SAS Institute).
RESULTS
A total of 394 subjects received at least 1 dose of vaccine and 382 received 2 doses (figure 1). The reasons that subjects were withdrawn from the study and their group assignment is also shown in figure 1 . The demographic characteristics of the population were comparable among the vaccine groups, except for a significant difference noted in the sex distribution (P Ͻ .01 by 2 
[table 2]).
Safety. There were no serious adverse events associated with the vaccine. As shown in table 3, local reactions, especially pain and tenderness were common, whereas systemic adverse events occurred in as few as 0%-3% for fever and as many as 13%-44% for headache in the 7 days following vaccination. No significant differences in vaccine reactogenicity were seen among the groups, except for local pain and tenderness. The incidence and severity of pain was related to both the vaccine dose and the adjuvant. The incidence and severity of pain increased as dose levels increased in each adjuvant group (P ϭ .01, Type III F-test). The incidence and severity of pain were also increased in the groups that received aluminum hydroxide, compared with the groups that received no adjuvant, and the incidence and severity of pain increased further in the groups that received MF59. Therefore, pain was most common after a dose of 15 g of vaccine with MF59. The pain was, however, mild to moderate and lasted for 1-2 days for the majority of subjects. The incidence of tenderness was also similarly related to vaccine dose level and adjuvant. Neither local or systemic adverse events increased after the second dose, compared with the first. No subject withdrew from the study because of the intensity of local reactions.
Immunogenicity. Antibody responses were measured by HAI and MN at baseline, at 28 days after each dose, and at 6 months after the second dose. After the first dose of vaccine, 7%-29% of subjects in each group had detectable HAI antibody (i.e., titer 10), and 18%-66% had detectable MN antibody (data not shown). However, antibody at the predefined endpoint titer of 40 was observed in only 0%-22% of subjects, as measured by HAI, and in 3%-21% of subjects, as measured by MN (data not shown). The highest percentage of responders was seen in the group receiving 15 g of vaccine with MF59. The geometric mean titer after the first dose was slightly higher in the group that received 45 g of vaccine alone (titer 10.8), compared with the group that received 15 g of vaccine with MF59 (titer 9.5). After the second dose of vaccine, antibody levels increased in all groups. HAI antibody was detected (titer 10) in 10%-72% of subjects and MN antibody was detected in 45%-97% of subjects (data not shown). As shown in table 4, the highest antibody response was seen in the group that received 15 g of vaccine with MF59, in which 63% of subjects achieved an HAI titer 40 (GMT 32.6). The vaccine alone induced HAI antibody at a titer 40 in a range from 24% at the lowest dose (15 g) to 29% at the highest dose (45 g). The percentages of subjects achieving MN titer 40 and the MN GMTs were somewhat higher, compared with the HAI responses. Thus, the percentage of subjects with MN titer 40 in the group receiving 15 g of vaccine with MF59 was 81%, with a GMT of 63.0. The addition of aluminum hydroxide did not increase
Figure 2. Antibody responses over time. The geometric mean antibody titer (GMT) for hemagglutination-inhibiting (HAI) antibody (A) and microneutralization (MN) antibody (B)
is shown for the groups that received the largest vaccine dose without adjuvant, the largest dose with aluminum hydroxide adjuvant, and the largest dose with MF59 adjuvant. Antibody evaluations were performed prior to vaccination (day 0), 28 days after the first vaccination (day 28), 28 days after the second vaccination (day 56), and 6 months after the second vaccination (day 208). the antibody as measured by HAI or MN to the level observed after vaccine alone at any dose. At 6 months after the second dose, antibody titers had decreased in all groups. The HAI antibody levels over time are shown for groups that received the largest vaccine dose without adjuvant (45g), vaccine with aluminum hydroxide (30 g), and vaccine with MF59 (15 g) (figure 2A). Similar decreases in MN antibody levels were also seen (figure 2B). At 6 months after the second dose, HAI responses of 40 were observed in 18% of those who received 45 g of vaccine alone, 5% of those who received 30 g of vaccine with aluminum hydroxide, and 20% of those who received 15 g of vaccine with MF59.
At baseline, 0%-7% of subjects had detectable HAI antibody (titer 10), and 3%-18% had detectable MN antibody . To gain insight into whether these low levels of antibody reflected antibody to H5 or were nonspecific background, we compared the antibody response in these subjects after 1 dose of vaccine, reasoning that those with true H5 antibody should be primed and have a higher response to vaccine. The day 28 GMT after dose 1 in subjects shown to have preexisting antibody to the H5N1 virus by HAI assay was significantly higher than that for subjects without detectable antibody (56.3 vs. 19.3; P Ͻ .001, Wilcoxon rank test) (table 5), but the percentage with a 4-fold increase in titer did not differ significantly (18% vs. 11%; P ϭ .34, Fisher exact test) (table 6). When the day 28 MN titers were compared, the subjects with preexisting neutralizing antibody had a higher GMT than subjects without preexisting antibody (95.0 vs. 16.8; P Ͻ .001, Wilcoxon rank test), and they were more likely to develop a 4-fold increase in antibody level after 1 dose (30% vs. 8%; P ϭ .001, Fisher exact test) (table 6).
The possibility that these differences were the result of an unequal distribution within vaccine groups was investigated. There were no significant differences in the distribution of subjects with preexisting antibody across the 9 groups for either HAI (P ϭ .37) or MN (P ϭ .37). There were also no significant differences in the baseline GMTs across groups for HAI (P ϭ .28) and MN (P ϭ .71).
DISCUSSION
All the H5N1 vaccine and adjuvant combinations were generally well tolerated, although local symptoms, especially pain and tenderness, were common. The percentage of subjects who developed pain and/or tenderness increased as the antigen content of the vaccine increased, and the percentage was increased at equivalent doses when combined with an adjuvant. The addition of aluminum hydroxide increased the frequency of pain, compared with vaccine alone, and MF59-adjuvanted vaccines further increased the percentage of subjects who experienced pain. It is, however, important to note that the pain was most often assessed as mild to moderate and did not lead to the withdrawal of any subject before the second dose was administered. An increase in local reactions to vaccine with MF59 has been noted previously when this adjuvant was used with other avian influenza vaccines [7, 8] , as well as with seasonal influenza vaccines [13, 14] .
The antibody response to the vaccines appeared to be related to both the quantity of vaccine and the inclusion of MF59, but not to the inclusion of aluminum hydroxide. The antibody response to vaccine tended to increase as quantities of vaccine increased. Without an adjuvant, the percentage of subjects who developed neutralizing antibody at a titer of 40 after 2 doses of vaccine increased from 28% in the group that received 15 g of vaccine to 48% in the group that received 45 g. The addition of aluminum hydroxide did not increase the antibody response in any of the 3 groups in which it was evaluated (i.e., the groups that received 7.5, 15, or 30 g of vaccine). In a previous report of an H5N1 vaccine, aluminum hydroxide improved the antibody response to a 30-g dose of vaccine but did not increase the antibody response to lower doses of vaccine (7.5 or 15 g) [4] . In fact, although the HAI GMT to the 30-g dose was increased by adjuvant, the effect was not described as statistically significant, and in the group that received a 7.5-g dose, the HAI GMT was similarly decreased by the addition of aluminum hydroxide. Thus, it does not appear that the addition of aluminum hydroxide will improve the immunogenicity of subunit avian influenza vaccines.
The addition of MF59, however, increased both the GMT and the percentage of subjects who developed an antibody titer 40. The group receiving the highest dose of vaccine (15 g) tested with MF59 was the only group in which Ͼ50% of the subjects were shown to have developed an antibody titer of 40, by either HAI or neutralization assay. The neutralizing antibody GMT in this group was 63.0, compared with a GMT of 15.8 in the group that received 15 g of vaccine alone. The antibody response in the group receiving 15 g of vaccine with MF59 was higher than that in the group receiving 7.5 g of vaccine with MF59, but it is important to note that the latter group received only half the dose of MF59 that the former group received. The increased antibody response Table 6 . Comparison percentage of subjects with a 4-fold increase after 1 dose of vaccine, for subjects with baseline titer <10 and subjects with baseline titer 10. observed here is consistent with previous reports that demonstrate increased antibody titers following vaccination with other A/H5N3 and A/H9N2 avian influenza vaccines [7, 8] as well as seasonal influenza vaccines [13, 14] . Further evaluations that use lower doses of vaccine and consistent doses of MF59 are needed to define the optimum combination for vaccination. Extended studies involving the elderly individuals and young people are also needed to determine whether the addition of MF59 would improve the immunogencity of A/H5 vaccines in these groups. HAI, and more often MN, antibodies to H5N1 virus were occasionally detected prior to vaccination. Previous studies have also reported a low level of preexisting antibody [5, 4] , without apparent exposure to H5N1 viruses. It is unclear whether this represents a true response or was a nonspecific reaction. Neutralizing antibody may be present due to neuraminidase specific antibody, as N1 viruses (H1N1) have circulated and have been part of routine influenza vaccines for some time. It is also possible that this antibody represents heterosubtypic immunity from cross-reacting epitopes from H1, H2, or H3 viruses. It is, therefore, interesting to note that there was some evidence that subjects with preexisting antibody responded better to the first dose of vaccine than subjects without preexisting antibody, which implies that the initial antibody measured may have been H5 specific and that the improved responses were due to a booster response, as opposed to a primary response.
In summary, 2 doses of A/H5N1 vaccine at antigen concentrations ranging from 7.5 to 45 g per dose were well tolerated. The addition of aluminum hydroxide did not improve antibody response for any antigen dose tested. However, when vaccine antigen was combined with MF59, both HAI and MN antibody responses were substantially increased, so that titers were higher for the group that received 15 g of vaccine with MF59, compared with titers for the group that received the highest dose tested, 45 g of vaccine alone. The target HAI antibody titer of 40 was achieved in 63% of the subjects, and the target MN response was detected in 81% of subjects who received 15 g of vaccine with MF59, the highest dose tested with MF59. Antibody responses were thus as high or higher than those reported previously in studies that used 45-90 g of A/H5 antigen [5] .
